The consolidation of nano-sized composite materials presents a challenge using conventional hot pressing methods. Spark plasma sintering (SPS) technology has shown great promise in the successful sintering of nanoreinforced composite materials. This qualitative review seeks to impart knowledge gathered, and progress made over the years on the consolidation of nanocomposite materials using SPS technology. The review is aimed at introducing this technology to the South African science and engineering community. Emphasis is on improving the mechanical properties of structural ceramic nanocomposite materials, which over the years have shown great promise in a wide range of applications, including transport, energy, mining, and the environment. Although success has been achieved within the laboratory for research purposes, there are still great opportunities to commercialize the technology for the production of larger components with more complex shapes. ceramic nanocomposites, structural materials, spark plasma sintering, fracture toughness, ceramic matrix composites.
Since the pioneering work of Niihara and Nakahira (1991) over a decade ago there have been extensive attempts to harness the potential of nanostructural metals, ceramics, and composites in a number of applications (Niihara and Nakahira, 1991; Selaho et al., 1997; Sekino and Niihara, 1995; Khalil, 2012; Aalund, 2008) . It is generally realized that reducing the grain size of materials to nanoscale offers a significant improvement in properties. Attempts to synthesize nanostructured compacts by conventional sintering methods have not succeeded owing to the uncontrollable high rates of grain growth driven by long dwelling times at the sintering temperatures and large powder surface areas (Sergueeva et al., 2009; Gua, Khora, and Chieng, 2004; Tang et al., 2009) . Following the development of spark plasma sintering (SPS) technology, it is now possible to process nanocrystalline materials with controlled grain growth. SPS, also referred to as the field-assisted sintering technique (FAST) or pulsed electric current sintering (PECS), was developed with the aim of improving on the well-established hot pressing (HP) technology (Kessel and Hennicke, 2007; Suarez et al., 2013; Jiang et al., 2007; Park, Chung, and Kim, 2006; Elissalde, Maglione, and Estournes, 2007; Borodianska et al., 2009) . It offers rapid densification, with minimal grain growth, of a wide range of powders which include ceramics, polymers, composites, and metallic-based (Niihara and Nakahira, 1991; Selaho et al., 1997; Sekino and Niihara, 1995; Khalil, 2012; Aalund, 2008) . Densification is attained within minutes compared to hours with conventional hot pressing technology (Kessel and Hennicke, 2007; Suarez et al., 2013) . This ingenious technique enables homogeneous volumetric heating of both the die set and the specimen, mainly by means of a low-voltage large-pulse current (Joule heating) (Khalil, 2012; Sergueeva et al., 2009; Kessel and Hennicke, 2007; Suarez et al., 2013) . Furthermore, the heating power is dissipated at the contact points of the powder particles where energy is required for sintering, which results in improved bonding between the particles (Khalil, 2012) . This is a result of the combined effects of rapid heating, pressure application, and the possibility of powder surface cleaning induced by the low-voltage large-pulse current momentarily generated during operation (Khalil, 2012; Aalund, 2008) . Conversely, in hot pressing a lot of heat is wasted in an attempt to heat up the whole volume of space from which the specimen indirectly receives heat. Thus SPS is capable of achieving nearly 100% theoretical density in most materials without the use of binders, and higher purity materials through the vapourization of impurities in the voids between powder particles (Khali, 2012; Aalund, 2008; Rajeswari et al. 2010; Kessel et al., 2009) .
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The main drawbacks that are usually cited include the limited sample size, shape complexity, and the cost of equipment. In fact, SPS technology has not been commercialized on the African continent as yet.
This paper seeks to review the successes achieved and, more importantly, to introduce the technology to the South African science and engineering community and the rest of Africa. As of 2014, the number of installed SPS machines in the world was estimated at 1750, two of which are installed in South African universities for research purposes (Guillon et al., 2014) . It is the author's hope that such knowledge will be valuable to the manufacturing and mining sectors, especially in the manufacture of hard components for machining and drilling purposes SPS was first investigated and patented in 1906 (Bloxam, 1906) for the consolidation of powders (Grasso, Sakka, and Maizza, 2009; Oru et al., 2009; Inoue, 1966) . It was further developed in the mid-1980s to 1990s to improve on the sintering capabilities of the then-existing conventional sintering technologies (Khalil, 2012; Grasso, Sakka, and Maizza, 2009; Oru et al., 2009; Bloxam, 1906) .The basic configuration of a SPS set-up is shown in Figure 1 . It consists of a uniaxial pressing device in the form of specially designed graphite punches which also serve as electrodes, a watercooled reaction chamber, a vacuum/air/argon gas atmosphere control mechanism, a pulsed DC generator, and position, temperature, and pressure regulating systems connected to an external computer with appropriate software (Khalil, 2012; Aalund, 2008; Sergueeva et al., 2009; Kessel and Hennicke, 2007; Suarez et al., 2010) .
The machine makes use of low voltages (typically <10 V) to produce high currents (typically 1-10 kA). This is enabled by the good electrical conductivity of the tooling materials (Guillon et al., 2014) . Heating rates of up to 1000°C/min have been reported, making it possible to sinter within very short durations thus saving on energy costs (Suarez et al., 2010) . To enhance the densification process, loads of typically 50-250 kN have been used under vacuum or protective gas at atmospheric pressure (Guillon et al., 2014) . The maximum temperature achieved using graphite tools is up to 2400°C, with standard cooling rates from 150°C/min up to 400°C/min under additional active gas cooling (Guillon et al., 2014) . The majority of SPS equipment that has been produced since the early 1990s is based on ON-OFF pulsed DC current technology (Guillon et al., 2014) . There is, however, a related technology, developed in 1953, that utilizes AC current and which has been applied in the diamond composite and hard metal industries (Guillon et al., 2014) .
The sintering mechanisms involved are a result of three effects -mechanical, thermal, and electrical (Guillon et al., 2014) . The mechanical effects are driven primarily by uniaxial pressure applied on the green compact by the pressing tool. Thus the magnitude of the applied stress is limited by the high-temperature fracture strength of the pressing tool and loading system (100-150 MPa for graphite) (Guillon et al., 2014) . This implies that high-pressure conditions will require more expensive tooling such as Si 3 N 4 or WC, which are more creep resistant, tougher, and more expensive than graphite (Anselmi-Tamburini, Garay, and Munir, 2006; Grasso et al., 2013) . Pressure-assisted sintering promotes rearrangement of particles and increases packing efficiency at low temperatures, thus reducing pore size and improving the sintered density (Guillon et al., 2014) . However, it should be noted that although grain growth can be significantly delayed under pressure, it is not totally suppressed. At elevated temperatures additional densification mechanisms may be enhanced through power law creep (i.e. materials become softer at higher temperatures). Thus thermal effects play a crucial role in the whole process. The fast heating rates tend to enhance densification while retarding microstructure coarsening due to the short time required to reach sintering temperature. The fast heating rates and short sintering times also minimize interaction between the sample and the graphite tool, thus reducing contamination for materials that are reactive (Guillon et al., 2014) . The effects of microscopic thermal gradients are normally negligible for finer grain sizes. These are thought to induce some driving force for diffusion through local temperature differences between particle neck and centre, a phenomenon referred to as Ludwig-Soret thermal diffusion (Guillon et al., 2014) . This is, however, strongly dependent on the physical properties, size of particles, and nature of grain boundaries and constituents (Holland et al., 2012) . In SPS, macroscopic thermal gradients are almost nonexistent owing to the high heating rates (Suarez et al., 2010) .
A comparison of temperature profiles obtained from simulation clearly reveals that small thermal gradients are generated at the high heating rates in SPS compared to conventional sintering methods (Suarez et al., 2013) . This explains why conventional sintering requires moderate heating rates and long dwell times to achieve reasonable homogeneity (Rajeswari et al., 2010; Kessel et al., 2009 ). Figure 2 clearly shows there is a much smaller temperature difference, T, between the edge (T A ) and centre (T I ) of the SPS sample as opposed to the hot pressed sample (Suarez et al., 2013) . Large thermal gradients may result in residual internal stresses and development of microcracks in sintered parts, which is a common occurrence with most conventional sintering methods. In SPS technology the small thermal gradients between the outside and the centre of the part ensure the elimination of residual stresses associated with thermal gradients.
The ON-OFF DC pulse generates electrical effects, which can be differentiated into field and current effects (Guillon et al., 2014; Munir, Quach, and Ohyanagi, 2012; AnselmiTamburini et al., 2012) . Thus the resulting microstructure will be influenced by the interaction between the electrical current and the powder green compact (Guillon et al., 2014) . The green compact can be electrically conducting or insulating, which results in different electrical effects. For conducting powders the current flows through the powder compact and heat is generated by Joule heating and transmitted to the powder by conduction (Guillon et al., 2014) . The current flow through the compact is not homogeneous because of the porous green body. It is thought that a complex network of current paths will form as a result of the initial packing density of the green compact (Guillon et al., 2014) . Thus the percolating pulsed current creates fluctuating hot-spots which are characterized by high local current densities at the contact points (Guillon et al., 2014) . These hot-spots momentarily induce partial melting, recrystallization, and impurity vapourization during the ON-time and subsequently these liquidized surfaces are bonded by forming 'necks' during the OFF-time; this is enhanced by application of a uniaxial force (Aalund, 2008; Kessel and Hennicke, 2007; Kessel et al., 2009; Tokita, 2013) (Figure 3) .
The ongoing compaction increases the density, and the material conductivity rises and the percolation effect tends to fade off with time, leaving 'fingerprints' in the microstructure of the sintered product (Guillon et al., 2014) . In the case of nonconductive insulating powders the electrical field normally effects densification through grain boundary migration and matter transport (Raj, Cologna, and Francis 2011; Antolovich and Conrad, 2004) . However, this effect is normally observed at much higher voltages in SPS, which implies that the mechanisms through which nonconductive powders sinter are still not well understood (Guillon et al., 2014) .
The sintering atmosphere plays a crucial role in the diffusivity and defect structure of the sintering material (Guillon et al., 2014) . This means that the densification kinetics, phase stability, stoichiometry, and grain growth are affected by the sintering atmosphere (Varela, Whittemore, and Longo, 1990; Recnik et al., 1994) . In general, gas atmospheres have several effects. The adsorption of certain gaseous species can effectively promote reduction in the surface energy of particles, which in turn modifies the thermodynamic driving force for surface reduction and sintering (Guillon et al., 2014) . On the other hand, certain gaseous species with low solubility and diffusivity in certain powders can be entrapped in closed pores and oppose the sintering mechanisms due to pressure build-up (Yoon, Chin, and Kang, 2008) . Vacuum atmospheres or the presence of certain gas species can promote the vapourization of sintering material, which can lead to a change in stoichiometry/composition or the formation of defects (Guillon et al., 2014) .
It is noteworthy, though, that according to the theories described above, the heat generated during SPS sintering is concentrated primarily on the particle surfaces and particle growth is limited partially by the speed of the process, and also the fact that only the surface temperature of the particles rises rapidly (Aalund, 2008) .
Although the appearance of thermal plasma in SPS remains controversial, SPS sintering technology has been verified experimentally and the consolidation of powders is greatly enhanced with minimal grain growth (Sergueeva et al., 2009; Chen et al., 2005; Fang, 2010; Anselmi-Tamburini, Garay, and Mumir, 2005) . The short durations and relatively lower homologous temperatures involved ensure tight control over grain growth and microstructure, which makes SPS more suitable and attractive for the development of nanocrystalline materials with appreciable grain homogeneity.
Nanostructural materials are more attractive compared to their micrometric counterparts due to their superior mechanical and functional properties. Maglia, Tredici, and Anselmi-Tamburini (2013) have shown that the functional properties such as electrical conductivity, thermal conductivity, and piezoelectric and ferroelectric properties can be directly changed by a nanometric grain structure within a crystallite size below 10 nm. Improved mechanical properties cited include hardness, fracture toughness, wear, enhanced superplasticity, and superior strength (Niihara and Nakahira, 1991; Selaho et al., 1997; Sekino and Niihara, 1995; Sergueeva et al., 2009; Bloxam, 1906; Omori, 2000; Uraiwan et al., 2005; Golla and Basu, 2014) . Although advanced ceramics have shown great potential in a wide range of fields (transport, energy, health, environment) owing to their attractive properties (low density, chemical inertness, high strength, high hardness, and high temperature capability) their application is still quite limited, especially under loadbearing conditions, because of their brittle nature . As such, some research efforts have been directed towards improving properties such as fracture toughness of Spark plasma sintering (SPS) -an advanced sintering technique VOLUME 116
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structural ceramics by reinforcing with nano-sized secondary phases (particulate or fibres) (Sekino and Niihara, 1995; Golla and Basu, 2014; Basu and Balani, 2011; Mukhopadhyay and Basu, 2007; Niihara and Suzuki, 1999) . The basic aim is minimization of grain growth through grain boundary pinning and the introduction of stresses opposing grain growth emanating from the thermal mismatch between the matrix and the dispersed secondary particles (Golla and Basu, 2014; Basu and Balani, 2011; Mukhopadhyay and Basu, 2007; Niihara and Suzuki, 1999) . It has been observed in previous studies that the fracture toughness of nanocomposite ceramics is improved if the dispersed particles are nano-sized (Golla and Basu, 2014; Basu and Balani, 2011; Mukhopadhyay and Basu, 2007; Niihara and Suzuki, 1999) . Attempts to obtain nanostructured compacts using conventional sintering methods have not resulted in attractive properties owing to the failure to maintain nano-sized microstructures during the sintering process (Sergueeva et al., 2009) . Furthermore, the successful densification of nanopowders is directly influenced by the quality of the initial nanopowder. Most poor-quality nanopowders are highly agglomerated, which makes them very difficult to densify owing to the large macropores that are generated between the agglomerates during sintering. This demands higher sintering temperatures or longer sintering times to break the agglomerates, thus presenting a challenge in controlling the grain growth which normally results in microstructural inhomogenities.
In general, the mechanisms that promote sintering, such as increased temperature and reduced grain size, also accelerate grain growth, thus making it difficult to isolate the two effects. In the last two decades several strategies have been utilized to suppress grain growth during sintering (Maglia, Tredici, and Anselmi-Tamburini, 2013) . One such approach is the use of an insoluble second phase, which minimizes grain boundary mobility through grain boundary pinning and stresses that oppose crack propagation. An alternative method is the control of the heating cycle or the use of pressure (Maglia, Tredici, and Anselmi-Tamburini, 2013) . This involves fast initial heating rates followed by slower heating rates at high temperatures, thus promoting densification at higher temperatures and reducing time spent at lower temperatures where non-densification processes dominate (e.g. surface diffusion). This is sometimes referred to as the two-step sintering (TSS) cycle. However, the main challenge in using fast heating rates is the generation of thermal inhomogeneities with nonconducting powders. Furthermore, full control of grain size well below 50 nm is not possible by control of the heating cycle alone. The use of pressure in the sintering of nanocomposites greatly enhances the densification process. This is achieved by inducing nanoparticle rearrangement, particle deformation and sliding, and finally pore shrinkage (Maglia, Tredici, and AnselmiTamburini, 2013) . However, the applied pressure may also act as a driving force for grain growth if long sintering times are used (Maglia, Tredici, and Anselmi-Tamburini, 2013) . This is the case when using hot pressing techniques.
The concept of structural nanocomposite ceramics was proposed by Niihara and Nakahira (1991) over two decades ago. The greatest attraction associated with nanocomposite ceramics is the improved fracture toughness, which makes them appropriate for load-bearing applications. The concept involves incorporating energy-dissipating second phases in various forms (particles, whiskers, platelets etc.) that are effective in crack deflection or crack bridging, which in turn hinders further crack propagation (Zhan et al., 1996; Lawn, 1998; Yamamoto et al., 2008) . Furthermore, the use of nanosized particles ensures a reduction in the flaw size, which also contributes to improving the fracture toughness through increased grain boundary density (Zhan et al., 1996; Lawn, 1998; Yamamoto et al., 2008) . This means that more energy is required for a crack to move through the matrix (Zhan et al., 1996; Lawn, 1998; Yamamoto et al., 2008) . Thermal expansion mismatch between dispersed particles and the matrix is thought to cause residual stresses within and around the particles when composites cool down after sintering (Zhan et al., 1996; Lawn, 1998; Yamamoto et al., 2008) . It is expected that the tensile stress component can induce radial microcracks in the matrix around each particle, which improves the fracture toughness through crack deflection (Yamamoto et al., 2008) . This, however, requires that the matrix exhibits a lower thermal expansion than the second-phase particles (Yamamoto et al., 2008) . This is similar to bone structure, which is full of microscopic cracks that are responsible for the deflection of advancing cracks from the path of or direction of maximum tensile stress (Ritchie, Buehler, and Hansma, 2009 ). This makes bone remarkably resistant to fracture.
Previous studies have proved that the mean grain size and distribution of the secondary particles is critical as this affects the location of the particulate in the matrix Sciti, Vicens, and Bellosi, 2002) . Sciti, Vicens, and Bellosi (2002) showed that SiC particles of < 150 nm in an Al 2 O 3 matrix tend to detach from advancing grain boundaries and are situated within the matrix, whereas larger particles are found mainly in intergranular positions. Uraiwan et al. (2005) proposed three basic nanocomposite microstructures: intragranular type, intergranular type, and nano-nano type. In the case of intergranular type, particles are dispersed within the grain boundaries, hindering crack extension along grain boundaries through the strong bonding between the matrix and the dispersion interface (Borsa et al., 1994) , whereas an intragranular-type microstructure causes crack deflection and impediment along the matrix grains, thus resulting in significant toughening. The most attractive microstructure is the one consisting of dispersed particles embedded within the matrix grains (intra-type) . This is typically found in nanocomposites with a low volume fraction of secondary phase; such structures have better sinterability .
In principle, toughening mechanisms can be categorized into two types: intrinsic and extrinsic. Intrinsic mechanisms operate ahead of a crack tip and are related primarily to plasticity, i.e. enlargement of the plastic zone, which is effective against both crack initiation and propagation (Ritchie, 2011) . This is the primary source of toughening in ductile materials and is ineffective with brittle materials. Conversely, extrinsic toughening acts primarily on the wake of the crack to shield local stresses and strains at the crack tip. Effectively, extrinsic toughening is usually associated with processes behind a crack tip and there has to be a crack for these processes to operate, thus they have no effect on crack initiation (Ritchie, 2011) . There are a variety of microstructural mechanisms utilized to effect extrinsic toughening, including crack bridging by unbroken fibres or ductile phase in composites, friction interlocking of grains during intergranular fracture in monolithic ceramics, meandering and crack surface sliding, and shielding and microcracking in transformation-toughened ceramics.
The reader is referred to the work by Niihara and Nakahira (1991) for further details on nanocomposite modifications. The success of achieving the above is largely governed by the powder characteristics such as particle size, degree of agglomeration, and reactivity.
The properties of sintered nanocomposite materials are greatly dependent on the processing route. Powders for nanocomposites have been processed through different methods, which can be classified as solid-state processing (mechanical alloying, laser ablation, evaporation-condensation, and self-propagating high-temperature synthesis (SHS)), gas-phase processing (chemical vapour deposition (CVD), plasma, and laser synthesis), and solution chemistry methods (sol-gel, polymer pyrolysis, and spray drying of solutions) (Tomar, 2008; Maitra, 2014; Borsa and Brook, 1995; Caroll, Sternitzke, and Derby, 1996; Niihara et al., 1989; Shapiro, Todd, and Roberts, 2009; Liu, Zhou, and Hou, 2006; Xu, Nakahira, and Niihara, 1994; Galusek, Sedlacek, and Riedel, 2007) . Powder processing routes require powders of high purity to avoid the formation of second phases (Zhan et al., 1996) . A typical processing procedure would involve (Zhan et al., 1996) : (i) Selection of raw materials (ii) Wet mixing (iii) Drying of slurries (iv) Consolidation.
The most critical step is the drying process because of the risk of agglomeration (Zhan et al., 1996) . Fast drying rates at higher temperatures have been found to result in the formation of hard agglomerates which are detrimental to microstructural uniformity. In such cases every effort is made to control the rate of drying. An alternative method is freeze drying, which provides optimal conditions that suppress the formation of agglomerates and segregation (Walker et al., 1994; Upadhyaya, 2011) Polymer pyrolysis and sol-gel synthesis routes offer attractive alternative procedures that result in better dispersion at an atomic level (Borsa and Brook, 1995; Liu, Zhou, and Hou, 2006; Xu, Nakahira, and Niihara, 1994; Galusek, Sedlacek, and Riedel, 2007) . Furthermore, they are cheaper and involve simple procedures for the production of bulk homogeneous nanopowders. The main challenge, however, is that most of the powders produced by solution chemistry methods are amorphous and require a final heat treatment at relatively high temperatures to promote crystallization or removal of organic additives. This normally results in increased grain size and partial consolidation of agglomerates (Maglia, Tredici, and AnselmiTamburini, 2013) . Mechanical milling might be required to break these agglomerates as a final step, which may expose the powders to further contamination.
Strictly speaking, the majority of nanocomposites investigated to date are composites with microcrystalline matrices and nanoscale secondary phases (Sergueeva et al., 2009; Tokita, 2013; Golla and Basu, 2014) . Very few truly nano-nano composites have been investigated, and this presents a great opportunity to generate property and microstructural data for truly nano-nano composites using SPS technology. As mentioned earlier, nanocomposite materials possess superior fracture toughness compared to their microcrystalline counterparts. The introduction of a nanoscale second phase is beneficial in two ways (Sergueeva et al., 2009): (i) Suppresses grain growth of the matrix (ii) Improves the fracture toughness owing to the thermal mismatch between the matrix and the second phase.
The use of SPS technology preserves the grain size within the nanoscale range due to the fast sintering times and lower sintering temperature in the SPS system. The particle shape and size of the second phase play a crucial role in the determination of the extent of toughening or strengthening in most nanocomposite materials (Sergueeva et al., 2009; Tokita, 2013; Golla and Basu, 2014) . A number of technologically important groups of ceramic nanocomposites have been studied to date. Some of the more significant include alumina-based (Al 2 O 3 -SiC, Al 2 O 3 -Si 3 N 4 , Al 2 O 3 -ZrO 2 , Al 2 O 3 -graphene, Al 2 O 3 -TiC/TiN, Al 2 O 3 -metallic phase); zirconiabased, Si 3 N 4 /SiC, and Si 3 N 4 -graphene systems. The description that follows is not meant to be exhaustive but to highlight the salient features of some of the most common groups of nanocomposites.
Alumina is one of the most widely used ceramic materials owing to its attractive properties, low cost, and less demanding sintering conditions. However, like other ceramic materials, alumina suffers brittle fracture under load-bearing conditions, which limits its application as a load-bearing material. Over the years a number of studies have been dedicated to improving the toughness and strength of alumina ceramics through a number of methods such as:
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(i) Dispersing a small amount of a harder phase such as SiC, Si 3 N4, and ZrO 2 (ii) Dispersing with a ductile phase such as metallic particles (Cr, Ni, Cu) or high-strength phases such as carbon nanotubes (CNTs) or graphene nanoplatelets (GNPs) (Sergueeva et al., 2009; Yamamoto et al., 2008; He et al., 2009; Wang and Steven, 1989; Nieto, Lahiri, and Agarwal, 2012; Liu et al., 2012; Chae et al., 2006; Choa et al., 1998; Gao et al., 1999a Gao et al., , 1999b .
The majority of the work has been done on the Al 2 O 3 /SiC system (Golla and Basu, 2014; Yamamoto et al., 2008; Chae et al., 2006; Choa et al., 1998; Gao et al., 1999a Gao et al., , 1999b . Since the pioneering work of Niihara (1991) (Golla and Basu, 2014; Yamamoto et al., 2008; He et al., 2009; Wang and Steven, 1989; Nieto, Lahiri, and Agarwal, 2012; Liu et al., 2012; Chae et al., 2006; Choa et al., 1998; Gao et al., 1999a Gao et al., , 1999b Taya et al., 1990) . One of the motivations for interest in SiC-reinforced composites is the toughening mechanism associated with the composites, referred to as residual stress toughening. This phenomenon is a result of differences in thermoelastic properties between the matrix and the dispersed phase (Sergueeva et al., 2009; Anya, 1999) . Stress in the matrix is generated when p > m (where p and m are the thermal expansion coefficients of the particulate and matrix respectively), such that there are compressive residual stresses on the dispersed particles which are effective in crack deflection (Anya, 1999) . Generally, the larger the difference in the thermal coefficients the more pronounced the stress effect. A summary of thermoelastic properties of some of the most commonly used ceramic materials follows.
One of the early investigations on the successful SPS of Al 2 O 3 -SiC composites was carried out by Choa et al. (1998) . In this study, finely dispersed SiC particles (200 nm) were found within the Al 2 O 3 grains and the composites exhibited a fracture toughness of 5.8 MPa.m 0.5 and strength of 1200 MPa compared to 3.2 MPa.m 0.5 and 700 MPa respectively for monolithic Al 2 O 3 . In a separate study Chae et al. (2006) compared the sintering dynamics of Al 2 O 3 -SiC composites containing 5 vol% and 20 vol% SiC under hot pressing and SPS conditions. Generally, the presence of SiC reduced the rate of grain growth seven-fold and the rate of densification was higher under SPS compaction compared to hot pressing. A moderate increase in fracture toughness 3.6 MPa.m 0.5 and flexural strength of 812 MPa was obtained for Al 2 O 3 -20 vol% SiC, lower than obtained by Niihara et al. (1989) . Similar microstructural observations were claimed by Gao et al. (1999a) for Al 2 O 3 -5 vol% SiC densified at 1500°C for 3 minutes. A fracture toughness value of 4 MPa.m 0.5 was obtained, and the microstructures revealed that the SiC particles were located mainly inside the Al 2 O 3 grains with the fracture mode being mainly transgranular. The use of certain ductile metallic phases has proved effective in the toughening of alumina ceramics because the ductile phase can absorb and dissipate stress by elastic and plastic deformation. The widely accepted toughening mechanism is through crack bridging by ductile ligaments in the crack wake (Sergueeva et al., 2009; Anya, 1999; Sigl, Makaga, and Dalgeish, 1988) . A fracture toughness of 7 MPa.m 0.5 was recorded for an Al 2 O 3 -10 vol%Nb nanocomposite sintered at 1100°C for 3 minutess by SPS (Suarez et al., 2013; Volceanov et al., 2007) . This is well above that of the monolithic Al 2 O 3 phase (3 MPa.m 0.5 ); however, the major disadvantage with metallic reinforcements is their limited application range and reduced hardness values in the matrix. At high temperatures the metallic phases are prone to softening and undergo plastic deformation, which leads to degradation of mechanical properties.
Another concept of toughening alumina involves dispersing with zirconia nanoparticles, which has been practiced for over two decades. This group of nanocomposites is commonly referred to as zirconia-toughened alumina (ZTA). The microstructures of ZTA are characterized by ZrO 2 particles finely dispersed in an Al 2 O 3 matrix, with toughening being induced mainly through stress-induced transformation and microcrack toughening. The stress-induced transformation mechanism is associated with volumetric expansion and shear strains as ZrO 2 transforms from tetragonal to monoclinic structure on cooling (Volceanov et al., 2007; Claussen, 1976; Lange, 1982; Claussen, Steeb, and Pabst, 1977; McMeeking and Evans, 1982; Evans and Cannon, 1986; Claussen, and Ruhle, 1981) . Toughness values of >12 MPa.m 0.5 have been obtained, compared to 3 MPa.m 0.5 for monolithic Al 2 O 3 (Wang and Stevens, 1989) . Again, this group of composites has a limited temperate range of application, with most of the toughening being lost at elevated temperatures as ZrO 2 transforms back to the tetragonal structure.
Although several attempts have been made to improve the mechanical properties of Al 2 O 3 matrices there are still challenges in the processing and homogenous dispersal of the nano-powders in the matrix. Most of the composites produced by SPS to date have been widely accepted as well sintered, although the mechanical properties are still inconsistent.
Tetragonal ZrO 2 polycrystals (TZP) possess excellent bending strengths (approx. 1000 MPa) and fracture toughness values (>10 MPa.m 0.5 ) compared to other monolithic ceramics (Anjali et al., 2012) . This emanates from the induced transformation of tetragonal zirconia (t-ZrO 2 ) to the monoclinic zirconia (m-ZrO 2 ) phase, which is associated with a volumetric expansion and formation of microcracks in the stress field of a propagating crack -a phenomenon known as transformation toughening (Anjali et al., 2012; . However, ZrO 2 polycrystals have relatively lower hardness values (<12 GPa), which tend to limit their range of application, and also the stress-induced transformation toughening mechanism of TZP degrades at higher temperatures . Thus there is great interest in improving the hardness and high-temperature toughness of ZrO 2 ceramics, mostly through incorporating carbide inclusions with superior hardness such as TiC, SiC, and WC, L 1176 VOLUME 116
Spark plasma sintering (SPS) -an advanced sintering technique VOLUME 116 L borides (ZrB 2 ), and nitrides (TiN). The second phases used have lower coefficients of thermal expansion, which induces residual compressive stress on the second phase (Table I) when the composite cools down. However, the principle of residual stress toughening requires that the matrix exhibits a lower thermal expansion than the incorporated particles. In the Y-TZP/TiC system, for example, the opposite applies, thus the toughening mechanism is likely to be crack deflection/ bowing with less microcracking . The interaction of the primary crack front with pre-existing and/or transformation-induced microcracks will only increase toughening (Zhan et al., 1996) . Yittria-stabilized ZrO 2 containing 40 vol% nano-WC sintered by SPS at 1450°C at a pressure of 60 MPa was found to possess enhanced flexural strength of 2000 MPa, hardness of 16.2 GPa, and fracture toughness of 6.9 MPa.m 0.5 (Golla and Basu, 2014) . In another study, the mechanical properties of ZrO 2 -30 vol% ZrB 2 obtained under SPS (1200°C, 5 minutes' holding time, and a heating rate of 600 K/min) showed a moderate improvement in hardness (12-14 GPa) and fracture toughness (6-11 MPa) with transformation toughening. Importantly, the grain size and presence of transformation toughening have been found to play a critical role in enhancing the mechanical properties of ZrO 2 -based nanocomposites (Golla and Basu, 2014) . Vanmeensel et al. (2007) observed a decrease in hardness and fracture toughness of ZrO 2 -TiN composites (sintered at 1500°C, 2 minutes, 56 MPa) with increasing TiN content. The TZP-35 vol% TiN had the highest fracture toughness (7.6 ± 0.3 MP.am 0.5 ) with 41% of the ZrO 2 transformed in the matrix, and a hardness of 13.19 GPa was obtained. This is a modest improvement in comparison to monolithic TZP.
The nanocomposites of SiC-Si 3 N 4 ceramics are of great technological importance owing to their attractive properties such as high hardness and strength, and excellent creep, oxidation, and corrosion resistance (Niihara, 1991; . Conventionally, the sintering of SiCreinforced Si 3 N 4 composites requires the use of a liquid phase to achieve higher densities owing to the large driving force required for bonding the highly covalent materials . SPS has been successfully applied in the synthesis of highly creep-resistant Si 3 N 4 -SiC composites without the use of a liquid phase (Herrmann et al., 1998) . These nanocomposites have enhanced creep resistance and excellent strength in comparison to monolithic Si 3 N4 Herrmann et al., 1998) .
Since the report by Iijima (1991) on carbon nanotube (CNT) reinforcement there have been a number of studies aimed at mechanical property improvement through CNT-reinforced composites (Yamamoto et al., 2008; Iijima, 1991) . The understanding is that CNTs possess high tensile strength (20-100 GPa) and high aspect ratio (>5000), making them suitable for reinforcement applications (Iijima, 1991) . Due to their high elasticity they play a critical role in absorbing most of the strain-related energy. The use of CNTs to reinforce ceramics has been motivated by the fibre bridging effect resulting from debonding and sliding resistance, which strengthens the composites and improve fracture toughness (Yamamoto et al., 2008) . The commonly accepted mechanisms contributing to improved strength and toughness in CNT-reinforced nanoceramics include crack deflection at the CNT/ceramic interface, crack bridging by the CNT, and pullout of CNTs on the crack plane (Yamamoto et al., 2008; Sahetat et al., 1999) .
In light of the above, a number of CNT-reinforced composites have been studied, and in a number of cases they show some improvement in mechanical properties, especially strength and fracture toughness. Yamamoto et al. (2008) reported a 25% increase in fracture toughness for a 5 vol% CNT addition (in the form of multi-walled carbon nanotubes (MWCNTs)) to alumina (Yamamoto et al., 2008; Sahetat et al., 1999) . obtained a fracture toughness of 9.7 MPa.m 0.5 for an alumina composite reinforced with 10 vol% SWCN (single-wall carbon nanotubes). This was enabled by the lower sintering temperatures and shorter times required to obtain fully dense materials with SPS compared to conventional sintering methods. Furthermore, a remarkably higher fracture toughness of 13.5 MPa.m 0.5 was obtained for an alumina-SWCNT system to which Nb was added as a ductile phase (Baughman, Zakhidov, and de Heer, 2002; Kuntz et al., 2002) . The higher fracture toughness is attributed to the more ductile Nb metallic phase. In another study, the fracture toughness of zirconia-toughened alumina (ZTA) was improved by 44% by incorporating CNTs (Bocanegra and Echeberria, 2011) .
The development of CNT-reinforced composites is still limited by the difficulty in obtaining homogeneous mixtures and the high cost of CNTs (Yamamoto et al., 2008; Dusza et al., 2012) . Furthermore, CNTs have a tendency to agglomerate and form 'ropes' and 'bundles', which makes it difficult to homogenously disperse CNTs in the matrix to form adequate interfacial connectivity between the two phases (Yamamoto et al., 2011; Kawano, Takahashi, and Shimada, 2002) . This explains the bulk of the disappointing results that have been reported so far. Yamamoto et al. (2011) , through electron microscopy studies, observed some form of debonding of MWCNTs from the matrix and recorded a fracture toughness of 4.74 MPa.m 0.5 and a binding strength of 543.8 MPa with 0.9 vol% MWCNTs in an alumina matrix. This result is not far off from that obtained for the monolithic alumina synthesized under similar conditions (4.37 MPa.m 0.5 and 502.3 MPa respectively) (Yamamoto et al., 2011) . 
Recently there has been wide interest in the fabrication of graphene-reinforced composites as an alternative to CNTs. Graphene is a two-dimensional counterpart of CNTs, consisting of a one-atom thick layer of C atoms in a honeycomb (the parallel stacked layers found in graphite) (Liu, Yan, and Jiang, 2013; Anon., 2010; Cheng et al., 2011; Geim and Novoselov, 2007; Liao et al., 2010) . The motivation for its use is the higher fracture strength in comparison to CNTs for similar type of defects and the easiness of homogeneous dispersion in ceramic matrices (Hirata et al., 2004; Yu et al., 2000) . Graphene is normally referred to in the literature as graphene platelets (GPLs), graphene nanosheets (GNS), multi-layer graphene nanosheets (MGN), or graphene nanoplatelets (GNPs) and consists of several layers of graphene with a thickness of 100 nm (Yoon et al., 2012) . Graphene is normally made by micromechanical exfoliation of expanded graphite, chemical processing (Hirata et al., 2004; Yu et al., 2000; Stankovich et al., 2006; Jang and Zhamu, 2008) , or by subjecting graphite to shear stresses which induce some slipping of the stacked layers, such as in high-energy ball milling (Potts et al., 2011) .
Several attempts have been made to sinter GPL-reinforced composites using SPS. Wang and Stevens (1989) reported a 53% increase in fracture toughness with Al 2 O 3 containing 2 wt% GPLs. In a separate study Liu et al. (2012) reported a 40% increase in fracture toughness with 0.81 vol% GPL in Al 2 O 3 . In a recent study a 27.20% improvement in fracture toughness and 30.75% increase in flexural strength was reported (Liu, Yan, and Jiang, 2013) for an alumina-GPL composite. Walker et al. (2011) prepared Si 3 N 4 -1.5 wt% GPL and obtained a fracture toughness of 6.6 MPa.m 0.5 , which was 136% higher than the monolithic binderless Si 3 N 4 obtained using similar conditions. These studies clearly indicate a significant improvement in fracture toughness and strength for the CNT, GPL-reinforced composites. However, there are still some inconsistencies in the results. The potential for obtaining even better results depends on the ability to process the raw powders more effectively (homogeneous mixing) and minimizing the level of impurities in the composites.
A key target in ceramic research has been the identification and assessment of ways to improve the mechanical properties, especially fracture toughness and flexural strength, which still hinder the wider application of ceramic materials. There is great potential for tailoring the microstructures and improve fracture toughness properties of nanocomposite ceramic materials by utilizing SPS technology. The critical requirements for achieving this goal include control of grain size, particle morphology, particle size distribution, and the volume fraction of the second-phase particles. In most of the reported work the microstructures of the SPSsintered nanocomposites are excellent, but the mechanical properties are still unsatisfactory and inconsistent. It is commonly accepted that nanocomposite structural ceramics have great potential for wider applications from the scientific point of view, but their development at the industrial level is held back due to a number of reasons.
1. The cost of producing bulk nano-scale powders is still prohibitively high 2. The processing technology, especially regarding the homogeneous mixing of nanopowders, is still not well refined.
SPS technology has shown great potential for mitigating some of the problems associated with the densification of nano-scale materials. However, much research is still needed in order to obtain a clear understanding of the fundamental mechanisms of sintering and the effects of the electrical current on mass transport, reactivity, microstructure evolution, and final properties, as well as to enable scale-up to larger specimen dimensions with more flexible geometries. This can be achieved only through closer collaboration between universities, research institutes, and industry. CAROLL, L., STERNITZKE, M., and DERBY, B. 1996. Silicon carbide particle size effects in alumina-based nano-composites. Acta Materialia, vol. 44, 
